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ABSTRACT 

We have developed a low t e m p e r a t u r e  a tomic  hydrogen maser 
us ing  f r o z e n  a tomic  rlcon as t h e  s t o r a g z  s d r f a c e .  The maser 
has been o p e r a t e d  i n  t h e  pu l sed  mcde a t  t e m p e r a t u r e s  from 6 K 
t o  1 1  K and as a s e l f - e x c i t e d  o s c i l l a t o r  from 9 K t o  10.5 K ,  

INTRODUCTION 

As soon as some u n p o l a r i z e d  hydrogen atom g a s  had been s x c e s s f u l l y  s t o r e d  a t  
4.2 K i n  a b o t t l e  c o a t e d  w i t h  f r o z e n  m o l e c u l a r  hydrogen1 ,  it was c l e a r  t h a t  
t h e  new low t e m p e r a t u r e  hydrogen s t o r a g e  t e c h n i q u e s  might improve a tomic  
hydrogen maser f r equency  s t a n d a r d s .  ' The most l i k e l y  improvement is i n  t h e  
s h o r t  term f requency  n o i s e ,  which is  p r o p o r t i o n a l  t o  t h e  r a d i a t i v e  decay r a t e  
1 / T ,  t imes  t h e  s q u a r e  r o o t  of t h e  the rmal  n o i s e  d i v i d e d  by t h e  a v e r a g i n g  t ime  
and  t h e  power r a d i a t e d  by t h e  There  is a d r a m a t i c  d e c r e a s e  of t h e  
c r o s s  s e c t i o n  f o r  r e l a x a t i o n  due t o  e l e c t r o n  s p i n  exchange c o l l i s i o n s  between 
the r a d i a t i n g  atoms. ' Becailse of  c o l l i s i o n s   he r a d i a t e d  power i s  q u a d r a t i c  
i n  i n p u t  a tomic  beam f l u x  and h a s  maximurn v a l u e  p r o p o r t i o n a l  t o  t h e  i n v e r s e  of 
t h e  s p i n  exchange c r o s s  s e c t i o n  squared .  The p o t e n t i a l  improvement i n  
r a d i a t e d  power is  l a r g e ,  g i v e n  s u f f i c i e n t  beam f l u x .  F o r t u n a t e l y ,  low 
t e m p e r a t u r e  t e c h n i q u e s  can a l s o  p r o v i d e  a l a r g e  g a i n  o f  c l e a n ,  s t a t e y s e l e c t e d  
beam f l u x .  I n  a d d i t i o n ,  the rmal  n o i s e  power i n  t h e  maser c a v i t y  and r e c e i v e r  
f i r s t  s t a g e  can be g r e a t l y  r educed  by c o o l i n g ,  and s u b s t a n t i a l  improvements i n  
r a d i a t i v e  decay r a t e s  a r e  a n t i c i p a t e d .  These  f a c t o r s  s h o u l d  combine t o  
produce an improvement by severa l  o r d e r s  of magnitude i n  t h e  s h o r t  term 
f requency  n o i s e  of hydrogen maser s t a n d a r d s .  

Low t e m p e r a t u r e  t e c h n i q u e s  may a l s o  o f f e r  s u b s t a n t i a l  improvements i n  t h e  l o n g  
term f requency  s t a b i l i t y  of hydrogen maser s t a n d a r d s .  S t a b i l i t y  t o  one p a r t  
i n  10'' r e q u i r e s  t e m p e r a t u r e  s t a b i l i t y  to  7 . 3  m B ,  u l f f i c u i t  t o  a c h i e v e  a t  room 
t e m p e r a t u r e  but  r o u t i n e l y  a c h i e v e d  a t  low t e n p e r a t c ~ r e s .  S t a b i l i t y  t o  one  p a r t  
i n  l0I5 r e q u i r e s  s t a b i l i t y  of t h e  c a v i t y  geometry e q u i v a l e n t  t o  abou t  1 A i n  
t h e  l i n e a r  d imensions;  mechanical  c r e e p  is l i t e r a l l y  f r o z e n  o u t  a t  low 
t e m p e r a t u r e s .  Magnetic f i e l d  homogeneity and s t a b i l i t y  can b e  improved by 
'using s u p e r c o n d u c t i n g  magne t i c  s h i e l d s .  
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APPARATUS 

F i g u r e  1 is a s c h e m a t i c  of  t h e  a p p a r a t u s  we have b u i l t  t o  t e s t  t h e s e  i d e a s .  
The a p p a r a t u s  is immersed i n  l i q u i d  helium h e l d  i n  a 6" I D  s u p e r i n s l l l a t e d  
dewar. Molecu la r  hydrogen is f e d  th rough  a 1 cm O D  pyrex t u b e  i n s i d e  a 
s t a i n l e s s  s t e e l  s o u r c e  dewar" s e p a r a t i n g  t h e  h e l i  urn b a t h  o u t s i d e  from a 
l i q u i d  n i t r o g e n  b a t h  i n s i d e .  The l i q u i d  n i t r o g e n  coo led  180 MHz r f  d i s c h a r g e  
d i s s o c i a t e s  molecu les  t o  atoms, which p a s s  downwards t h r o u g h  an llaccommodatortl 
where t h e y  are  coo led  to  5 K and a r e  t h e n  focused  by a s i x  p o l e  s tate? 
s e l e c t i n g  magnet t o  a 5 cm OD q u a r t z  s t o r a g e  b o t t l e .  The s t o r a g e  b a t t l e  is 
s u r r o u n d e d  by a 4" OD 1420 MHz microwave c a v i t y ,  a set of t h r e e  0.0051t t h i c k  
magne t i c  s h i e l d s ,  and a vacuum t i g h t  can c o n t a i n i n g  hel ium exchange g a s ,  which 
allows t h e  c a v i t y  and b o t t l e  t o  be h e a t e d  uniformly t o  t e m p e r a t u r e s  above t h e  
t e m p e r a t u r e  of  t h e  l i q u i d  helium b a t h .  

F i g u r e  2 is a more d e t a i l e d  s c h e m a t i c  of t h e  hydrogen s o u r c e  and c a v i t y  
assembly.  D i s s o c i a t e d  atoms p a s s  from t h e  d i s c h a r g e  thr?:igh a t h i n  2 min :9 
o r i f i c e  i n t o  t h e  5 mm I D  by 1.5 cm l o n g  copper  accommodator c o a t c d  w i t h  
s o l i d  m o l e c u l a r  hydrogen.  S e m i c i r c u l a r  b a f f l e s  p r e v e n t  atoms o r  i m p u r i t i e s  
from g e t t i n g  t h r o u g h  t h e  accommodator w i t h o ~ l t  making a b o u t  100 c o l l i s i o n s  w i t h  
its c o l d  s o l i d  hydrogen s u r f a c e .  The accommodator i s  h e a t e d  by recombining 
atoms o r  by an e x t e r n a l  h e a t e r ,  and i t  is coo led  by a copper  h e a t  conduc t ion  
p a t h  t o  t h e  l i q u i d  hel ium ba th .  Slow moving H atoms a r e  e f f i c i e n t l y  f o c u s e d  
by a 1.3 cm bore  by 1 0  cm l o n g  s i x  p o l e  permanent magnet t h r o u g h  a 1 2  cm l o n g  
by .75 cm I D  e n t r a n c e  t u b e  t o  t h e  s t o r a g e  b o t t l e .  The c a v i t y 5  p r o v i d e s  a 
uniform rf magne t i c  f i e l d  o v e r  t h e  s t o r a g e  b o t t l e  and h a s  unloaded Q as h igh  
as 20,000 a t  4.2 K. 

The i n s i d e  s u r f a c e  of t h e  s t o r a g e  b o t t l e  and its e n t r a n c e  tube  a r e  c o a t e d  
w i t h  s e v e r a l  hundred thousand  l a y e r s  of s o l i d  moleclrlar  hydrogen or a tomic  
neon, f r o z e n  o u t  from t h e  g a s  phase  a s  t h e  a p p a r a t u s  is c o o l e d  i n i t i a l l y .  
C a r e  is t a k e n  t o  c o n t r o l  t h e  g a s  p r e s s u r e  and t e m p e r a t u r e  s o  a s  t o  form some 
l i q u i d  f i r s t ,  t h e n  t h e  s o l i d  c o a t i n g .  Below t h e  t h r e s h o l d  f o r  o s c i l l a t i o n  a 
s h o r t  p u l s e  a t  t h e  AF-0 h y p e r f i n e  t r a n s i t o n  f requecoj-  sets t h e  atoms r a d i a t i n g  
on t h a t  t r a n s i t i o n ,  and t h e  decay ing  c a v i t y  r f  f i e l d  is sampled by a c o u p l i n g  
l o o p ,  c o n v e r t e d  t o  an  a u d i o  f r e q u e n c y  s i g n a l ,  and f e d  t o  t h e  A / D  c o n v e r t e r  and 
computer s t o r a g e .  The f r e q u e n c y  and r a d i a t i v e  decay r a t e  a r e  f i t t e d  d i r e c t l y  
from t h e  s i g n a l ,  and l e v e l  p o p u l a t i o n  r e c o v e r y  r a t e s  1 /T ,  a r e  de te rmined  from 
s i g n a l s  i n  r e s p o n s e  t o  m u l t i p l e  p u l s e s .  The s i g n a l  a m p l i t u d e ,  m u l t i p l i e d  by 

T,, is p r o p o r t i o n a l  t o  t h e  i n p u t  f l u x  of  F = l ,  mF=O hydrogen atoms. 

F i g u r e  3 shows t h e  i n p u t  f l u x  of s t a t e 7 s e l e c t e d  atoms p l o t t e d  a g a i n s t  t h e  
t e m p e r a t u r e  o f  t h e  accommodator a s  measured by a ca rbon  f i l m  thermometer.  The 
open c i r c l e s  r e p r e s e n t  f l u x e s  o b t a i n e d  by v a r y i n g  t h e  i n p u t  of atoms t o  t h e  
accommodator. As t h e  f l u x  i n t o  t h e  accommodator i n c r e a s e s ,  h e a t  due t o  atoms 
recombining on t h e  s o l i d  hydrogen accommodator s u r f a c e  warms t h a t  s u r f a c e ,  
The accommodator t e m p e r a t u r e  and o u t p u t  f l u x  b o t h  r i se  w i t h  i n p u t  f l u x  and 
accommodator t e m p e r a t u r e  u n t i l  t h e  accommodator t e m p e r a t u r e  r e a c h e s  abou t  5.3 
K ,  where t h e  s a t u r a t e d  vapor  p r e s s u r e  of  H, over  t h e  s u r f a c e  becomes h igh  
enough t o  impede t h e  f l aw.  Above 5.3 K t h e  accommodator t e m p e r a t u r e  c o n t i n u e s  
t o  rise, b u t  t h e  o u t p u t  f l u x  a c t u a l l y  d e c r e a s e s  w i t h  i n c r e a s i n g  i n p u t  f l u x .  
The crosses r e p r e s e n t  f l u x e s  o b t a i n e d  by l e a v i n g  t h e  i n p u t  f l u x  a t  t h e  l e v e l  
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t h a t  produced t h e  f l u x  a t  t h e  s o l i d  c i r c l e  and t h e n  i n c r e a s i n g  t h e  
accommodator t e m p e r a t u r e  u s i n g  an e x t e r n a l  h e a t e r .  The c o i n c i d e n c e  of t h e  
o u t p u t  f l u x e s  w i t h i n  e r r o r s  s u g g e s t s  t h a t  t h e  o u t p u t  f l u x  i s  s a t u r a t e d  w i t h  
r e s p e c t  t o  i n p u t  f l u x .  I n c r e a s i n g  t h e  i n p u t  f l u x  t o  t h e  accommodator w i l l  no t  
i n c r e a s e  o u t p u t  f l c x  a t  t h e  same accommodator t e m p e r a t u r e .  A d e s i g n  r e q u i r i n g  
fewer  c o l l i s i o n s  w i t h  t h e  accommodator s u r f a c e  would improve o u t p u t  f l u x ,  bu t  
even t h e s e  p r e s e n t  f l u x e s  compare f a v o r a b l y  w i t h  t h e  f l u x e s  i n  room 
t e m p e r a t u r e  hydrogen masers ,  and t h e  beam is a lmos t  c e r t a i n l y  c l e a n e r .  

S O L I D  MOLECULAR HYDROGEN SURFACES 

We began by i n v e s t i g a t i n g  301 i d  molecu la r  hydrogen w a l l  c o a t i n g s  because  t h e y  
are t h e  e a s i e s t  c o a t i n g s  t o  make a t  t e m p e r a t u r e s  between 4 K and 15 K and 
because  we had a l r e a d y  s t u d i e d  them over  t h e  lower  t e m p e r a t u r e  r a n g e  from 3.5 

6 K t o  4.5 K u s i n g  a n  e a r l i e r  a p p a r a t u s .  F i g u r e  4 Z ~ Q W C  some r e s u l t s  f o r  t h e  
wall s h i f t s  f o r  hydrogen atoms s t o r e d  over  t h e s e  s z l i d  hydrogen s i ~ r f a c e s  at  
t e m p e r a t u r e s  between 4.2 K and 5.5 K .  The s o l i d  l i n e  h a s  been f i t  by eye  w i t h  
s l o p e  35.8 K equal  t o  t h e  va lue  we o b t a i n e d  f o r  t h e  b i n d i n g  energy  of  H t o  H, 
a t  t h e  somewhat l a w e r  t e m p e r a t u r e s  i n  t h e  e a r l i e r  work, T h e o r e t i c a l  
c a l c u l a t i o n s 7  of t h e  b i n d i n g  of H t o  s o l i d  H, i n d i c a t e  t h a t  t h e r e  s h o ~ l l d  be a 
s i n g l e  bound s t a t e  f o r  motion p e r p e n d i c i ~ l a r  t o  t h e  s u r f a c e  and a lmost  complete  
freedom t o  move l a t e r a l l y .    he or^^ p r e d i c t s  t h a t  f o r  t h i s  k ind of  "two 
d imens iona l  gas" b i n d i n g  t h e  v a r i a t i o n  of w a l l  s h i f t  w i t h  t e m p e r a t u r e  s h o u l d  
be such  as t o  produce a s t r a i g h t  l i n e  i n  F i g u r e  4 .  W i t h i n  e r r o r s  we f i n d  t h a t  
t h e  b e h a v i o r  we o b s e r v e d  a t  lower  t e m p e r a t u r e s  e x t r a p o l a t e s  w e l l  up t o  t h e  
h i g h e s t  t empera t t l r e s  a t  which we o b t a i n  s i g n a l s .  The d a t a  does n o t  go h i g h e r  
t h a n  a b o u t  5 .5  K f o r  t h e  same r e a s o n  t h a t  t h e  o u t p u t  from t h e  accommodator 
d r o p s  o f f  t o  ve ry  low v a l u e s  a t  accommodator t e m p e r a t u r e s  above 5.5 K: t h e  H, 
vapor o v e r  t h e  s u r f a c e  of t h e  e n t r a n c e  t u b e  p r e v e n t s  t h e  s t a t e ~ s e l e c t e d  H beam 
from e n t e r i n g  t h e  s t o r a g e  b o t t l e .  A t  5.5 K t h e  l o w e s t  wall s h i f t  obse rved  is 
a b o u t  50 Hz, a  f a c t o r  of  1000 h i g h e r  t h a n  w a l l  s h i f t s  i n  room t e m p e r a t u r e  
hydrogen masers  hav ing  T e f l o n  wall c o a t i n g s .  If we cou ld  go h i g h e r  i n  
t e m p e r a t u r e ,  t h e  w a l l  s h i f t s  would be d r a m a t i c a l l y  l o w e r ,  b u t  t h e  h igh  H,vapor 
p r e s s u r e  p r e v e n t s  t h a t .  

R e l a x a t i o n  p r o c e s s s e s  o t h e r  t h a n  t h e  d e p h a s i n g  w h i l e  adsorbed  t h a t  produces  
t h e  l a r g e  w a l l  s h i f t s  can be i n v e s t i g a t e d  u s i n g  m u l t i p l e  p u l s e s  t o  measure t h e  
l e v e l  p o p u l a t i o n  r e c o v e r y  r a t e  1 /TI. These r a t e s ,  l e s s  t h e  c o n t r i b u t i o n  from 
e s c a p e  t h r o u g h  t h e  e n t r a n c e ,  a r e  p l o t t e d  i n  F i g u r e  5. A l i n e  w i t h  s l o p e  35 K 
h a s  been drawn a s  a  g u i d e  t o  t h e  behav io r  t h a t  would be e x p e c t e d  f o r  a 
r e l a x a t i o n  s imply p r o p o r t i o n a l  t o  t h e  mean s u r f a c e  dwel l  t ime .  I t  a p p e a r s  
t h a t  t h e  r e l a x a t i o n  r a t e s  a r e  f a l l i n g  o f f  somewhat f a s t e r  t h a n  a t  t h e  h i g h e r  
t e m p e r a t u r e s .  Again ,  i f  w e  were a b l e  t o  go t o  h i g h e r  t e m p e r a t u r e s ,  we would 
e x p e c t  v e r y  low r e l a x a t i o n  r a t e s .  

To summarize t h e  r e s u l t s  f o r  H,: T h i s  p u l s e d  r e s o n a n c e  experiaen'r .  is an 
i n t e r e s t i n g  probe of a tom-sur face  i n t e r a c t i o n s  i n  a  p a r t i c u l a r l y  s i m p l e  
sys tem,  b u t  i t  is n o t  a  c a n d i d a t e  f o r  p r e c i s i o n  f r e q u e n c y  met ro logy  because  of 
t h e  h i g h  H, vapor p r e s s u r e  a t  t e m p e r a t u r e 8  where t h e  w a l l  s h i f t s  and 
r e l a x a t i o n  r a t e s  would be low. 







Neon a t o r ~  gas h a s  rn,:c:il i e s ~  2.atl lr3ted vapor d e n s i t y  t h a n  H,  a t  t h e  same 
temperat l l re .  I t s  el.ek?tric p o l a r i z a b i l i t y  I s  l e s s  t h a n  t h a t  of  H , ,  so  t h a t  t h e  
f o r c e  betwet-:;-1 a i?yrlr8c,gt:?q 3 t : ) m  2nd one neon atom i n  t h e  surface is l e s s  t h a n  
f o r  H,. i !n for ' t ; lna te ly ,  ~ ~ i . i i i ,  neon has l e s s  z e r o  p o i n t  mot ion t h a n  H, and s o  
is more compact.. T h e  i-es:ilt i s  that t h e  b ind ing  energy of H t o  a s o l i d  neon 
s u r f a c e  i s  predic teci"  t.o h e  abol.lt t h e  same a s  t h e  b i n d i n g  of H t o  a s o l i d  
molec1.11 at- hydrogen s:ir'l"a::e. F'igllr'e 6 d i  s p l a y s  wa l l  s h i f t s  we have observed  
f o r  Ii stor3er.i i n  Soi-tl.:?:: k l r : t h  s s s l i d  neon wall c o a t i n g s ,  p l o t t e d  as i n  F i g u r e  4.  
The s l o p e s  a r e  t h e  sa:n!: f?c>i i i  o n e  s u r f a c e  p r e p a r a t i o n  t o  a n o t h e r ,  i n d i c a t i n g  a 

. .  . c o n s i s t e n t  c : g ene rgy  in good agreement w i t h  t h e  t h e o r e t i c a l  
p red ic t io r iv .  Tne ',r?ter.~ept:: v a r y  c o n s i d e r a b l y ,  i n d i c a t i n g  v a r i a b i l i t y  of 
ef r ' ec t i  ve s u r f  ace a:>en f?-;or0 nr:e 5ur.f ace p r e p a r a t i o n  t o  a n o t h e r .  These d a t a  do 
no t  show i n r i i c a r , i ~ ~ i \ ~ ;  al' t h i i ?  spots o r  con tamina t ion  by some heavy i m p u r i t y ;  
bo th  e f f e c t s  wo:ii;"l , i r ? i f t .  t h e  3:ope upwards as wel l  as t h e  i n t e r c e p t s .  We 
o b t a i n  & t i 3  :~nj.,y' ~.i[;l t.'.) abo:.lt ' 1 K ,  where t h e  s a t ~ . ~ r a t e d  vapor p r e s s u r e  of neon 
i n  t h e  e n t r a n c e  t,.i,?t. r:r)e.oetli,~ ::atoms from g e t t i n g  i n t o  t.he b o t t l e .  The w a l l  
shi;'t. a t  1 1  K i? :.hi;; ,I. .-:::s di ; lmeter SoLtle is about  1 Hz. 

The relaxation r'ati?? v;?i7y i:\i:?ih more than  t h e  wa i l  s h i f t s  from one  s ~ r r a f c e  
p r e p a r a t i o n  t o  ailc1t,her7 an:: ever: from one t ime t o  ancither f o r  a  s i n g l e  s u r f a c e  
p r e p a r a t i ~ n  as ti.!@ :; l r f  ar:e e v a p o r a t e s .  E v i d e n t l y ,  t h e  r e l a x a t i o n  r a t e s  and 
t h e  e f f  e c t l  v e  .stlrf..lc.i-: r+!-ea al'z very se : ls i t , ive  t o  s u r f a c e  s t r u c t u r e ,  b u t  t h e  
b ind ing  energy is nc->t. Xi.Li1j.n e r r a o r s ,  T,=T,, i n d i c a t i n g  t h a t  t h e  r e l a x a t i o n  
p r o c e s s  is predominar i t l j~  one t h a t  removes atoms r a t h e r  t h a n  r e l a x i n g  them 
througti some rnagiieti c ir : t ,er .action.  We have observed r e l a x a t i o n  r a t e s  as low 
as 1 3ec3' g r e a t e r  Lhan t h e  r a t e  of escape  t h r o ~ l g h  t h e  e n t r a n c e ,  b u t  we have 
al .so observed r e l axa t ion  r a t e s  a htlndred t imes  h i g h e r .  The f a u l t  l i e s  wi th  
t h e  high cohes ive  e!?srg:r of s o l i d  neon, which t e n d s  t o  f r e e z e  i n t o  an open,  
snowy ~ t r u c t ~ l r ' e  i n t o  wfii5.h F'1 aComs d i t ' fuse  and e v e n t i l a i l y  recombine.  We 
b e l i e v e  t h a t  milch more i tn i fn r+rc  and s t a b l e  s u r f a c e s  can be  made by growing them 
very  s lowly  at; t h e  ter~pera.! ; . . i~~e ar, which they are used a n d  by m a i n t a i n i n g  over  
them t h e  sati lrat ,ed \rap:?? ::!r.e:isl.rre o f  neon  g a s ,  but t h a t  w i l l  r e q u i r e  a new 
appar  a t 1x3 . 
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We have severa l  t i rncs proa;.~oeil  s u r f a c e s  d i t h  low enough r e l a x a t i o n  r a t e s  t o  
s u p p o r t  se l . f7exc i  t e ~  ifiaser o s c i l l a t i o n  a t  t e m p e r a t u r e s  r a n g i n g  from 9 K t o  
10.5 K a t  f l i l x e s  cf order  1013  s t a t e 7 s e l e c t e d  atoms sec7 '  and c a v i t y  Q t s  as 
low a s  3500. The racila:,ed power a t  t h i s  Q h a s  been of  o r d e r  10712 w a t t s .  The 
l i n e w i d t h  of aboa t  15 Hz has been dominate!? by t h e  r a t e  of escape  th rough  t h e  
b o t t l e  e n t r a n c e .  The shor!,: Lerm freqi .~ency n o i s e  i s  l e s s  t h a n  t h a t  of our  room 
tempera tu re  compar'iuon niase!., but we have no t  y e t  been a b l e  t o  measure t h e  
s h o r t  term n o - s e  pr7e!31. s e l y .  Ti-ii s f ' i r s t .  exper imenta l  a p p a r a t u s  i s  not  
op t imized  f a r  teiripertatilrr: stability o r  magnet ic  f i e l d  s t a S i l l t y  o r  even fo r  
s u r f a c e  s t a b i l i t y .  fi,.l.t,i:oi.i;:ii t n e  wa;.L s h i f t s  u s i n g  s o l i d  neon w a l l  c o a t i n g s  a t  
10 K a r e  re ia t ive1 .y  ki.gl.1 compared t o  t h e  wall s h i f t s  i n  c o n v e n t i o n a l  hydrogen 
maser s t a n d a r d s ,  t h e  phys',.cs of t h e  surface is m:.lch s i m p l e r .  Whether t h e  
r e p r o d u c i b i l i t y  and s t a b i l i t y  of' t h e  s o l i d  neon s u r f a c e s  can b e  made t o  
compensate f o r  t h e  hi ghe? wall s h i r t s  remains t o  be s e e n .  
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